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57] ABSTRACT

Generally speaking, in accordance with the invention, an
optical transmission modulation apparatus 1s provided for
modulating light transmitted through the apparatus. The

apparatus comprises a meta.
subwavelength-diameter ho.

| {ilm having a periodic array of
es provided therein, and a sup-

porting layer. At least a por

1on of the supporting layer has

a selectively variable refractive index, the selectively vari-
able refractive 1ndex portion being substantially adjacent to
the metal film such that the metal film and the supporting
layer form a perforated metal film unit. Selective variation
of the refractive index of the selectively variable refractive

index portion modulates the
through the perforated meta
changing the direction of

intensity of the light transmitted
1 film unit without substantially
the light. Flat panel displays,

spatial light modulators and tunable optical filters based on
the optical transmission control apparatus are also provided.
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OPTICAL TRANSMISSION CONTROL
APPARATUS UTILIZING METAL FILMS
PERFORATED WITH SUBWAVELENGTH-
DIAMETER HOLES

FIELD OF THE INVENTION

The present invention relates to the field of optics, and in
particular to the control of the intensity and wavelength of
light transmitted through a thin metal film perforated with
holes.

BACKGROUND OF THE INVENTION

A smooth metal film having a thickness which 1s larger
than its optical skin depth (the depth that the electromagnetic
fields from incident light penetrate into the material where
the electric field intensity drops to 1/e*, typically about 20
nm to 30 nm for a metal) is opaque to light at frequencies
below the bulk plasma frequency w,, which 1s given by
w,”=(4mne”)/m*, where n is the electron density, e is the
clectron charge, and m™* 1s the effective mass. A single hole
in such a metal film transmits light with an efficiency which
depends on the diameter of the hole. If the hole diameter 1s
smaller than the wavelength of light passing through the
hole, the transmission is proportional to (d/h)*. See H. A.
Bethe, “Theory of Diffraction by Small Holes”, Physical
Review, Second Series, Vol. 66, Nos. 7 and 8, pp. 163—-182
(1944). For this reason, the optical throughput of near-field
optical devices 1s extremely low.

Recently, a strong enhancement of optical transmission
has been demonstrated using a metal film perforated with an
array of subwavelength-diameter holes. See T. W. Ebbesen
et al., “Extraordinary optical transmission through sub-
wavelength hole arrays,” Nature, Vol. 391, pp. 667-669
(Feb. 12, 1998). This enhancement, which can be as large as
a factor of 1,000, occurs when light incident on the metal
film interacts resonantly with a surface plasmon mode.
Surface plasmons (also referred to herein as simply
“plasmons”) are collective electronic excitations which exist
at the interface of a metal with an adjacent dielectric
medium. See H. Raether, Surface Plasmons on Smooth and
Rough Surfaces and on Gratings, Vol. 111 of Springer
Tracts in Modern Physics (Springer-Verlag, Berlin, 1988);
A. D. Boardman (ed.), Electronagnetic Surface Modes, Chs.
1, 17, pp. 1-77, 661-725 (John Wiley & Sons, 1982). The
periodic structure of the hole arrays allows the surface
plasmons to couple with the incident light.

On the other hand, the periodic array of holes also has
properties similar to those of a diffraction grating (see
Ebbesen et al., supra), including the presence of Wood’s
anomaly (see R. W. Wood, “On a Remarkable Case of
Uneven Distribution of Light in a Daiffraction Grating
Spectrum”™, Philosophical Magazine, Vol. 4, pp. 396—402
(1902), and R. W. Wood, “Anomalous Diffraction Gratings”,
Physical Review, Vol. 48, pp. 928-936 (1935)) which causes
deep, sharp minima 1n the zero-order transmission when a
higher-order diffracted beam becomes tangent to the metal
film. The combination of these two effects (the surface
plasmon coupling and Wood’s anomaly) gives rise to well-
defined maxima and minima in the zero-order transmission
spectra. These maxima and minima exist at wavelengths
which are determined by the geometry, both of the hole array
and that of the imncident light, and the refractive index of the
adjacent dielectric media. See Ebbesen et al., supra.

The present invention utilizes the properties of a metal
film perforated with an array of subwavelength-diameter
holes to provide novel apparatus which are capable of
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2

controlling the intensity and wavelength of transmitted light.
In particular, the invention includes novel thin display units
(which can be used in flat panel displays), spatial light
modulators, and tunable filters.

SUMMARY OF THE INVENTION

Generally speaking, in accordance with the invention, an
optical transmission modulation apparatus for modulating
light transmitted through the apparatus is provided. The
apparatus comprises a metal film having a periodic array of
subwavelength-diameter holes provided therein, and a sup-
porting layer. At least a portion of the supporting layer has
a selectively variable refractive index, the selectively vari-
able refractive index portion being substantially adjacent to
the metal film such that the metal film and the supporting
layer comprise a perforated metal film unit. Selective varia-
tion of the refractive index of the selectively variable
refractive index portion modulates the intensity of the light
transmitted through the perforated metal film unit without
substantially changing the direction of the light.

In another embodiment of the invention, a flat panel
display having a plurality of display cells 1s provided. The
flat panel display comprises a light source, a metal film
having a periodic array of subwavelength-diameter holes
provided therein, and a supporting layer. At least a portion
of the supporting layer has a refractive index which 1is
selectively variable for each display cell, the selectively
variable refractive index portion being substantially adjacent
to the metal film such that the metal film and the supporting
layer comprise a perforated metal film unit. Selective varia-
tion of the refractive index of the selectively variable
refractive mdex portion modulates the intensity of light
emitted by the light source which 1s transmitted through the
perforated metal film unit for each display cell.

In still another embodiment of the invention, a spatial
light modulator having a plurality of cells and modulating
the intensity of incident light as the light is transmitted
through each cell of the modulator 1s provided. The spatial
light modulator comprises a metal film having a periodic
array of subwavelength-diameter holes provided therein,
and a supporting layer. At least a portion of the supporting,
layer has a refractive index which 1s selectively variable for
cach cell, the selectively variable refractive index portion
being substantially adjacent to the metal film such that the
metal film and the supporting layer comprise a perforated
metal film unit. Selective variation of the refractive index of
the selectively variable refractive index portion of the sup-
porting layer modulates the intensity of light transmitted
through the perforated metal film unit for each cell without
substantially changing the direction of the light.

In yet another embodiment of the invention, a tunable
optical filter for modulating the intensity of incident light as
the light 1s transmitted through the tunable optical filter is
provided. The tunable optical filter comprises a metal film
having a periodic array of subwavelength-diameter holes
provided therein, and a supporting layer. At least a portion
of the supporting layer has a selectively variable refractive
index, the selectively variable refractive index portion being
substantially adjacent to the metal film such that the metal
film and the supporting layer comprise a perforated metal
f1lm unit. Selective variation of the refractive index of the
selectively variable refractive index portion of the support-
ing layer modulates the intensity of light transmitted through
the perforated metal film unit without substantially changing
the direction of the light. The tunable filter may also be
provided with a plurality of cells, wherein the wavelengths
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of lights transmitted through each cell may be selectively
controlled or tuned.

Accordingly, an object of the invention 1s to provide
optical transmission modulation apparatus which control the
intensity of transmitted light.

Another object of the imnvention 1s to provide optical
transmission modulation apparatus which control the color
of transmitted light.

A further object of the invention i1s to provide optical
transmission modulation apparatus which exhibit enhanced
transmission efliciency.

A still further object of the invention 1s to provide optical
transmission modulation apparatus which are very thin and
are potentially mechanically flexible.

A still further object of the invention 1s to provide a flat
panel display which has high transmission efficiency, 1s
potentially thin and flexible, does not require costly, bulky
and complex polarizers and analyzers.

A still further object of the invention 1s to provide a spatial
light modulator and an optical tuner which have high
fransmission efficiency and are potentially thin and flexible

Other objects of the present invention will become more
readily apparent 1n light of the following description in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of a metal film perforated
with subwavelength-diameter holes constructed in accor-
dance with the present invention;

FIG. 2A 1s a cross-sectional diagram of a perforated metal
film unit constructed in accordance with the present
invention, wherein the metal film 1s substantially adjacent to
a selectively variable refractive index portion of a support-
ing layer on one side of the metal film;

FIG. 2B 1s a cross-sectional diagram of a perforated metal
film unit constructed in accordance with the present
invention, wherein the metal film 1s substantially adjacent to
a selectively variable refractive index portion of a support-
ing layer on one side of the metal film, an auxiliary layer
being substantially adjacent to the other side of the metal

film;

FIG. 3 1s a graph showing zero-order transmission spectra
of two perforated metal film units including a silver film
perforated with subwavelength-diameter holes, d=150 nm,
according to the present invention, both with a
subwavelength-diameter hole periodicity of P=600 nm, one
perforated metal film unit having a quartz supporting layer
(thick dashed line), and the other perforated metal film unit
having a sapphire supporting layer (thin solid line);

FIG. 4 1s a schematic diagram of an optical transmission
modulation apparatus constructed 1in accordance with the
present invention;

FIG. § 1s a schematic diagram depicting modulation of
light transmitted through a perforated metal film unit using
liquid crystal in accordance with the present invention;

FIG. 6 1s a graph showing transmission spectra (at normal
incidence) of a chromium film with a subwavelength-
diameter hole periodicity of P=1000 nm, a metal film
thickness of t=100 nm, a hole diameter of d=500 nm, with
a liquid crystal layer having a thickness of d, .~12 um, the
voltage applied to the liquid crystal being indicated 1n the
legend;

FIG. 7 1s a graph showing time-dependent transmission of
a 1.55 um laser at normal incidence to a perforated metal
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film unit including a liquid crystal supporting layer 1in
accordance with the present invention, the liquid crystal
being modulated with a 12 V peak-to-peak voltage at a
frequency of 1 kHz;

FIG. 8 1s a schematic diagram depicting wavelength
selection between red light having a wavelength of 635 nm
and green light having a wavelength of 532 nm, effected by
rotating a perforated metal film unit to change the angle of
incidence of combined input light in accordance with the
present 1nvention;

FIG. 9 is a graph showing transmission (in gray-scale) as
a function of photon energy and incident angle O, of a
perforated metal film unit in accordance with the present
invention, including a silver film having a thickness t=300
nm 1ncluding subwavelength-diameter holes having a peri-
odicity of P=400 nm and a diameter of d=150 nm;

FIG. 10 1s a graph showing transmission as a function of
incident angle O of the perforated metal film unit graphed 1n
FIG. 9, the two photon energies indicated 1n the figure
corresponding to A=635 nm (open circles) and A=532 nm
(solid squares);

FIG. 11 1s a perspective schematic diagram of a spatial
light modulator constructed in accordance with the present
mvention;

FIG. 12A 1s a cross-sectional view of one display pixel,
comprising red, green and blue display cells, 1n a flat panel
display of the present invention, which uses the size and
periodicity of holes 1n a perforated metal film for color
control;

FIG. 12B 1s a plan view of the arrays of subwavelength-
diameter holes provided 1n the perforated metal film for the

display pixel shown in FIG. 12A, illustrating the different
periodicities used to generate each of the colors red, green
and blue for the display pixel;

FIG. 13A 15 a cross-sectional view of one display pixel,
comprising red, green and blue display cells, 1n a flat panel
display of the present mnvention, which uses ultraviolet light
and fluorescent dyes for color control;

FIG. 13B 1s a plan view of the arrays of subwavelength-
diameter holes provided 1n the perforated metal film for the
display pixel shown 1n FIG. 13A; and

FIG. 14 1s a perspective schematic diagram of a tunable
optical filter constructed 1n accordance with the present
invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The 1nvention utilizes a metal film which 1s perforated
with a periodic array of subwavelength-diameter holes.
Referring now to the figures and to FIG. 1 in particular, there
is shown (not to scale) a metal film 10 containing a rectan-
ogular array of cylindrical subwavelength-diameter holes 12.
Metal film 10 may comprise a metal film or a metal plate.
The metal of metal film 10 may be any metal, and selecting
a preferable metal will depend on particular applications and
design requirements. Preferable metals can include alumi-
num (which is inexpensive), silver, gold (which is noble) or
chromium (which is hard). Metal film 10 may also be
constructed of a heavily doped semiconductor.

As also shown 1n FIG. 1, the diameter of a
subwavelength-diameter hole 1s d and the periodicity or
spacing between apertures 1s P. Metal film 10 must be
optically thick (that is, opaque to light), and is preferably
approximately 5 times the skin depth. Both transmission
maxima and width will decrease as the thickness t of metal
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film 10 increases. While the subwavelength-diameter holes
12 are shown as having a round shape 1 FIG. 1, they may
have other shapes, such as oval or rectangular. While the
array 1s shown as a rectangular array, other hole array
conilgurations are also possible, such as triangular, without
deviating from the teachings of the invention.

In the experiments described below, the metal film was
perforated using a focused 1on beam using gallium 1ons. This
method, like electron-beam fabrication, 1s highly versatile
but very slow since the holes must be created sequentially
(i.c. one at a time). In order to create large devices incor-
porating large-area perforated metals films, 1t 1s preferable
cither to use large-area contact printing methods such as
holographic embossing technology, or to use self-assembly
of polymer spheres at the surface of a substrate. Amonolayer
of such spheres, self-arranged 1n a hexagonal close-packed
array, can be used as a mask pattern for fabricating the holes.
Sece C. Haginoya et al., “Nanostructure array fabrication

with a size-controllable natural lithography,” Applied Phys-
ics Letters, Vol. 71, No. 20, pp. 2934-2936 (Nov. 17, 1997).

FIG. 2A shows a cross-section of a perforated metal film
unit 20 of the present invention. Perforated metal film unait
20 includes the metal film 10 perforated with an array of
subwavelength-diameter holes 12, and a supporting layer 14.
Supporting layer 14 includes at least a portion having a
selectively variable refractive index, such as a liquid crystal
layer as described below. A first side 10a of metal film 10 1s
substantially adjacent to a selectively variable refractive
index portion of a supporting layer 14. Supporting layer 14
may be comprised of a single layer of material or several
layers of homogeneous or heterogeneous materials (such as
the LC layers and the transparent conducting layers which
will be discussed below). Supporting layer 14 may be any
thickness, so long as it 1s mechanically stable and generally
transparent to light, and may be either rigid or flexible. A
second side 10b of the metal film 10 may be left uncovered
and exposed to air or the like as shown in FIG. 2A.
Alternatively, metal film 10 may instead be substantially
adjacent on its second side 10b to one or more auxiliary
layers 15 as shown in FIG. 2B, such as a quartz or polymer
substrate. In the case shown 1n FIG. 2B, the metal film 10 1s
therefore “sandwiched” between the supporting layer 14 and
the auxiliary layer or layers 15.

As used herein, “substantially adjacent” generally means
cither directly 1n contact with or in close proximity to. In the
particular case of the relationship of the metal film 10 to the
supporting layer 14 1n a perforated metal film unit 20, in
which the supporting layer 14 includes a selectively variable
refractive index portion, “substantially adjacent” means that
either: (1) the selectively variable refractive index portion is
in direct contact with the metal film, or (2) the length of any
cgap between the metal film and the selectively variable
refractive index portion of the supporting layer (such as a
liquid crystal solution layer as described below) 1s less than
the depth at which the surface plasmons of the metal film
surface penetrate the medium in the gap (the medium in the
gap may be a vacuum, air, or some other dielectric material,
cach of which would have a characteristic surface plasmon
penetration depth). That is, the surface plasmons in the metal
film must penetrate to the selectively variable refractive
index portion of the supporting layer. Accordingly, the
selectively variable refractive index portion of the support-
ing layer 14, which 1s substantially adjacent to metal film 10,
may therefore be directly in contact with metal film 10, or
may be 1n close proximity to it in the sense noted above. For
example, a spacing between the metal film 10 and the
selectively variable refractive index portion of the support-
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ing layer 14 of 0 nm to about 200 nm 1s typically acceptable
(200 nm corresponding to the surface plasmon penetration
depth of a typical intervening dielectric material disposed in
the gap between the metal film 10 and the selectively
variable refractive index portion of the supporting layer 14)),
although this particular exemplary range i1s in no way
intended to limit the scope of the invention.

The term “perforated metal film unit” will be used herein
to refer to the combination of the metal film 10 perforated
with subwavelength-diameter holes and any supporting
layer 14 having a selectively variable refractive index por-
tion which 1s substantially adjacent to the metal film 10.
Such a perforated metal film unit may or may not also
include one or more auxiliary layers 15.

Before describing the additional components of the mven-
tion 1n detail, the physical principles which give rise to
enhanced optical transmission through a metal film perfo-
rated with a periodic array of subwavelength-diameter holes,
and which yield well-defined transmission minima, will be
discussed to enhance understanding of the operation of the
invention.

The zero-order transmission spectrum of such a perfo-
rated metal film unit are shown 1n FIG. 3, for cases in which
the supporting layer 14 1s comprised of a layer of either
sapphire or quartz. The markers 1n FIG. 3 indicated the
positions of Wood’s anomaly at which the transmission
should be minimal (see Equation (4)), for the metal-air (open
diamonds), metal-quartz (solid squares) and metal-sapphire
(solid inverted triangles) interfaces. Markers for positions of
maxima are omitted for clarity. These maxima result from a
resonant interaction of 1ncident light with surface plasmons
on both surfaces 10a and 10b of the metal film. See H. F.
Ghaemi et al., “Surface Plasmons Enhance Optical Trans-
mission Through Subwavelength Holes,” Physical Review
B, Vol. 58, No. 11, pp. 6779-6782 (Sep. 15, 1998). When the
incident light 1s p-polarized (that is, the incident electric field
1s parallel to the x-axis while the perforated metal film unit
is rotated about the y-axis through an angle 0), the coupling
of light with surface plasmons on a metal surface with
periodic structure or perforated metal surface follows
momentum conservation (see H. Raether, supra):

—= —>

k, =k, +HG +HG, (1)

— —
where k . 1s the surface plasmon wave vector; k =X(2m/MA)
sin O 1s the component of the wavevector of the incident light

. . . — —
which lies 1n the plane of the metal film; G, and G, are the
L] L ] L ] L ] ﬁ
reciprocal lattice vectors for a square lattice with G,=

§y=(2n/P), where P is the period of the hole arrays; 0 is the
angle between the incident wavevector and the surface
normal of the metal film; and 1 and j are integers. The

magnitude of ?Sp can be found from the dispersion relation
(see H. Raether, supra):

(2)

where o 1s the angular frequency of the incident optical
beam, and €,, and €, are the dielectric constants of the metal
and dielectric medium, respectively. Here, it 1s assumed that
e, <0 and |e, |>€ , which is the case for a metal below the
bulk plasmon energy and also for a doped semiconductor.
See H. Racther, supra; M. Ordal et al., “Optical Properties of
the metals Al, Co, Cu, Au, Fe, Pb, N1, Pd, Pt, Ag, T1, and W
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in the 1nfrared and far infrared,” Applied Optics, Vol. 22, No.
7, pp. 1099-1119 (Apr. 1, 1983). When the transmitted

intensity 1s plotted on a gray scale as a function of E and k
the resulting energy-momentum (E, k) diagram (also
known as a “dispersion diagram”) shows a set of bands of
high transmission, which set of bands reproduces the surface
plasmon dispersion given in Equation (2). The transmission
spectra are independent of which side of the perforated
metal film 1s 1lluminated, even if the substantially adjacent
media are Signiﬁeantly different.

The minima 1n the transmission spectrum were 1dentified
as the result of Wood’s anomaly, which occurs 1n diffraction
ogratings when a diffracted beam emerges tangent to the
orating. See H. F. Ghaema et al., supra; R. W. Wood, supra.
The conditions for the occurrence of Wood’s anomaly are

similar to Equations (1) and (2), except that ?Sp is replaced
by the wave vector of the grazing (tangent to the grating)
light, which has a magnitude given by k,.=<[(2 mn,)/A],
where n=Ve, the refractive index of the supporting layer 14
(or the auxiliary layer 15). For highly ordered arrays with
small holes, the widths of the Wood’s anomaly minima can
be very small, and 1n general have been found to be limited
by the resolution of the spectrometer. Wood mentioned the
fact that in high quality diffraction gratings, the two sodium
lines can be separated by this effect, corresponding to a
wavelength resolution of 0.6 nm. Certain embodiments of
the 1nvention utilize this phenomenon by modulating the
transmitted intensity with a high contrast ratio by varying
the angle of 1ncidence of light to the metal film 0 over a very
small amount, as will be discussed below.

The geomelry dependence for the occurrence of Wood’s
anemaly oves a set of minima which elosely follow the
dispersion of the surface plasmon branches in the (E, k)
diagram. Since the majority of dispersion curves traverses
the (E, k) plane with finite slope, it follows that for a fixed
photon energy E (or fixed wavelength), the transmitted
intensity traverses maxima and minima as the angle of
incidence 0 1s varied. Certain embodiments of the mvention
use this phenomenon to control either the wavelength or the
amplitude of the transmitted light by varymg the angle of
incidence 0.

Amplitude or wavelength modulation at fixed incident
angle will now be discussed, focusing on the case where the
angle of incidence 0=0. At this normal incidence, the wave-
lengths at which the maxima occur can be found by com-
bining Equations (1) and (2),

(3)

Emcd

P
_\/fz+j2 S + &4

and similarly for the minima:

A‘Iﬂﬂl’{

P 4
Vea -

\/EZ+F

A'II]_'iIl —

From Equation (4) it follows that the two interfaces to the
metallic film are distinguishable, since n =1 for air, n =1.47
(at =589 nm) for the fused quartz substrate, and for the
liquid crystal n, can be varied from 1.52 to 1.74.

FIG. 3 shows the transmission spectra (at normal
incidence) of two perforated metal film units. The two units
are 1dentical except that in one, the supporting layer 1s a
quartz dielectric layer (dashed line), whereas in the other the
supporting layer 1s a sapphire dielectric layer (solid line).
FIG. 3 illustrates very clearly the statement in Equation (4)
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that the wavelengths at which the minima occur depend
linearly on the refractive index of the medium which 1is
substantially adj acent to the metal film. In particular,
maxima and minima assoclated with the metal-sapphire
interface (ny,,4;,.=1.80; shown in the figure by sold,
inverted triangles) occur at longer wavelengths than those
associated with the metal-quartz interface (n_,,,,.=1.47;
shown in the figure by solid squares), whereas the features
associated with the metal-air interface (shown in the figure
by open diamonds) occur at the same wavelengths in both
structures. The small differences between the two structures
are due to small differences in the periodicities of the two
hole arrays 1n the metal film.

In metal films perforated with subwavelength-diameter
holes, the width of the surface plasmon resonances 1s
relatively small. Certain embodiments of the 1invention uti-
lize this phenomenon to control the transmitted wavelength
by changing the index of refraction of the adjacent medium.
Conversely, at a fixed wavelength the transmitted amplitude
can be modulated by changing the refractive index, such that
a transmission peak 1s swept past the relevant wavelength,
and certain embodiments of the invention utilize this phe-
nomenon as well. The latter function can 1n principle be
achieved with a high contrast ratio (i.e. the ratio between
maximal and minimal transmission), because the extinction
(i.e. the ratio of maximum to minimum transmission) around
the occurrence of Wood’s anomaly can be nearly complete.
The following sections describe such apparatus 1n more
detail.

Optical Transmission Modulation Apparatus Using,
Refractive Index Variation

An opfical transmission modulation apparatus utilizing
the phenomena described above will now be described. FIG.
4 1s a schematic diagram of an optical transmission modu-
lation apparatus which controls optical transmission through
a perforated metal film unit by selectively varying the
refractive 1ndex of a material substantially adjacent to the
metal film (i.e. a portion of the supporting layer). A liquid
crystal (LC) solution layer is sandwiched between a metal
film perforated with an array of subwavelength-diameter
holes and a transparent conducting layer. The metal film
perforated with subwavelength-diameter holes 1s used as one
clectrode for the liquid crystal, while the transparent con-
ducting layer 1s used as the other electrode. The transparent
conducting layer may be comprised of any transparent,
conductive material, and 1s preferably comprised of indium
tin oxide (ITO). The LC solution layer is preferably encap-
sulated between two very thin LC aligning layers as shown
in FIG. 4 which align the liquid crystals according to an
clectric field as 1s well-known 1n the art of liquid crystal
displays. In addition, spacers on the order of micrometers,
such as insulating microspheres for example, are preferably
provided 1in the LC solution layer to maintain a shight
spacing between the metal film and transparent conducting
layer so as to avoid electrical shorting between the metal
film and the transparent conducting layer. The LLC solution
layer, the LC aligning layers and the transparent conducting
layer comprise a supporting layer which, in combination
with the metal film, collectively comprise a perforated metal
f1lm unit as described above. The LC solution layer com-
prises the selectively variable refractive index portion of the
support layer and 1s substantially adjacent to the metal film.
Since the transmission through the perforated metal film unit
strongly depends on the interface between the metal film and
the neighboring media, 1t 1s important that the selectively
variable refractive index portion of the supporting layer (in
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this example, the LC solution layer) be substantially adja-
cent to the metal film. The transparent conducting layer can
be patterned, if desired, using standard photolithography as
1s well-known 1n the art so as to enable independent control
of the refractive index of selected portions of the apparatus.

The optical transmission modulation apparatus shown in
FIG. 4 provides electrical control of optical transmission
through the array of holes in the perforated metal film. In
particular, the intensity of light transmitted through the
perforated metal film unit 1s controlled by varying the
refractive 1index of the LC solution layer, which 1s in turn
controlled by varying the electric voltage to the LC elec-
trodes.

The inventors have performed experiments involving
such optical transmission modulation apparatus, using
samples of metal films perforated with an array of
subwavelength-diameter holes, which metal films were
similar to those described i1n previous work. See T. W.
Ebbesen et al., supra; H. F. Ghaemi1 et al., supra. In a
chromium film, thickness t=100 nm, on a quartz supporting
layer, holes of diameter d=500 nm were fabricated using
standard lithographic techniques. The holes were arranged
on a regular square lattice with pertod P=1000 nm. In
addition to this metal film, a twisted-nematic type hiquid
crystal (Merck E63, EM Industries, Inc.) was sandwiched
between the perforated metal film and a prepared transparent
conductive layer comprising I'TO (produced by E.H.C. Co.
Ltd., Japan) in the manner shown in FIG. 4. The I'TO layer
comprised one electrode for the liquid crystal, and the
perforated metal film was used as the other electrode,
separated from the I'TO layer by 5—10 um glass microsphere
spacers to prevent shorting. To align the liquid crystal, an
AC voltage of 0-12 V was applied at frequencies between
0.1-1 kHz, which could modulate the effective refractive
index between n=1.52 and n=1.74.

It should be emphasized that 1n this experiment, the sole
function of the liquid crystal was to provide a refractive
index portion that is controllable (that is, selectively
variable) through the application of an electric field. Other
materials in which such a variation of the refractive index n
can be achieved may also be used in the optical transmission
modulation apparatus of the present invention, and may 1n
fact be preferable over liquid crystals since the latter have a
relatively long switching time due to the reorientation of
molecules. For applications which require switching times
less than about 1 ms, faster switching media (such as a
semiconductor layer or a polymer electro-optic film, for
example) are preferred. Ferro-electric liquid crystals can
also be used to provide enhanced switching speed.

The experimental arrangement for evaluating the perfor-
mance ol the experimental structure 1s shown 1 FIG. §, 1n
which light from a laser (having a wavelength of A=1.55 um)
1s directed onto the perforated metal film unit including the
liquid crystal/ITO supporting layer. The light 1s incident
normal to the surface of the perforated metal film unit. The
intensity of the light transmitted through the perforated
metal film unit 1s detected with detector including a
photodiode, of which the output i1s recorded with a digital
oscilloscope. The transmission 1s modulated by the applica-
tion of an AC electric field over the liquid crystal cell by
applying the voltage output of a waveform generator over
the electrodes of the liquid crystal cell.

FIG. 6 shows the transmission spectra of the experimental
perforated metal film unit described above, for various
values of the AC voltage applied to the liquid crystal
clectrodes. The transmission spectra are quite broad because
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the diameter of the holes 1n the perforated metal film was
relatively large. For this reason, the spectral shift 1s not
immediately apparent in the data of FIG. 6. However, it 1s
clear that at a fixed wavelength, the transmission amplitude
1s modulated by the variation of the voltage applied to the
liquid crystal. This 1s shown explicitly m FIG. 7, which
shows the time-dependent transmission signal (shown in
arbitrary units) of a 1.55 um laser and the modulated liquid
crystal at 1 kHz, measured using the experimental arrange-
ment shown 1n FIG. 5. The transmission modulation of this
particular sample 1s approximately 25%, and 1s 1n phase with
the driving voltage. The relatively small modulation ampli-
tude 1s a consequence of the large hole diameter, which tends
to broaden the minima associated with Wood’s anomaly. In
films with smaller holes, the features are sharper and the
minima deeper, leading to higher contrast ratio as shown in
FIG. 3 1n which the hole diameter 1s d=150 nm and the
thickness of the metal film 1s t=200 nm.

Optical Transmission Color Control Apparatus
Using Geometry Variation

Color control can also be achieved using an apparatus
including a perforated metal film unit which enables the
angle of incidence of incoming light to be changed (such as
by rotating the perforated metal film unit with respect to the
incoming light beam). An experimental unit of this type is
shown 1 FIG. 8. A perforated metal film unit was con-
structed as follows. A metal film comprised of silver of
thickness 300 nm was thermally evaporated onto a quartz
substrate. The silver film was optically opaque.
Subwavelength-diameter holes of 150 nm diameter were
fabricated 1n the film using a Micrion 9500 Focused Ion
Beam machine. The holes were arranged on a regular square
lattice with a period P=400 nm. The metal film was used as
part of a cell containing a liquid crystal 1n order to match the
refractive 1ndex of the glass substrate. Red light R
(wavelength 635 nm) and green light G (wavelength 532
nm) were directed into a beam splitter so that both lights are
incident colinearly on the perforated metal film unit, which
1s rotated around a vertical axis to vary the angle of
incidence 0 of the incoming light to achieve color switching
between red and green light, which color switching can be
observed on the Screen. In addition, 1f the mtensities of the
two laser beams are of the correct proportions (which
proportions are well-known 1n the art), at an intermediate
angle the transmitted beam 1s perceived to be yellow due to
additive color mixing.

FIG. 9 shows the transmitted intensity (on a gray scale) as
a function of photon energy and angle of icidence. The
dispersion 1s similar to that shown in the article by H. F.
Ghaemi et al., supra, but it will be noted that in FIG. 9 the
metal-air resonances are absent, both media (that is, the
liquid crystal supporting layer and the quartz auxiliary layer)
having an 1ndex close to 1.5. The two horizontal lines in
FIG. 9 indicate the energies of two lasers, one at E=1.95 ¢V
(A=635 nm), the other at E=2.33 eV (A=532 nm). A cut
through the data of FIG. 9 along these two lines gives the
angle dependence of the transmitted intensity at the two
wavelengths, which 1s plotted 1n FIG. 10.

As shown 1 FIG. 10, the intensity of the red light at
A=635 nm is lowest at an angle of incidence 6=0° and
reaches a maximum at 0=19°; the converse 1s true for the
oreen light at A=532 nm. By changing the angle 0 between
0°—19° by rotating the perforated metal film unit (by using
any type of adjuster, for example), it is possible to achieve
switching between the two wavelengths with a contrast ratio
of approximately 20:1, although the contrast ratio could be
made higher by making the diameter of the holes smaller.
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Flat Panel Display

Liquid crystal displays (LCDs) which are currently com-
mercially available require a polarizer and analyzer to
control transmitted light intensity. These polarizers represent
an appreciable portion of the cost of materials and device
assembly and add to the complexity of such displays. In
addition, present LCDs require color filters to realize full
color, resulting 1n a very low overall transmission of less
than about 7%. Theretore, a very bright illuminating source
1s needed which consumes a substantial amount of electric
POWETr.

In contrast, the tlat panel displays of the present invention,
which are based on the controllability of the optical trans-
mission through perforated metal films, need no polarizer,
analyzer, or even color filters. The experimental results
described above show very promising performances and
advantages over prior art LCDs. Ideally, full color control
with about 15-50% maximum transmission can be achieved
with a properly designed geometry of the hole arrays 1n the
perforated metal film. See T. W. Ebbesen et al., supra. Of
course, a design tradeofl 1s inherent: high transmission can
be achieved at the expense of lower wavelength resolution,
or high wavelength resolution can be achieved at the
expense of lower transmission. It should be noted that the
term “flat panel display” includes not only displays which
are tlat 1n the sense of being planar, but, due to the mechani-
cal flexibility which 1s possible with the apparatus of the
present 1nvention, the flat panel displays described and
claimed herein include any flexible “thin film” type of
display.

In general, the flat panel displays of the present invention
may utilize perforated metal {ilm units as described above to
control intensity and/or color of transmitted light. The flat
panel displays of the present mnvention may, for example,
include the optical transmission modulation apparatus
shown 1n FIG. 4 and described above. A fuller understanding
of the flat panel displays encompassed by the present
invention will be better understood with reference to FIGS.

11-13.

FIG. 11 shows the details of a flat panel display based on
surface-plasmon enhanced transmission through a perfo-
rated metal film. This flat panel display 1s similar to the
previously described optical transmission modulation appa-
ratus described above. A liquid crystal (LC) solution layer is
sandwiched between a metal film perforated with an array of
subwavelength-diameter holes and a transparent conducting
layer. The metal film perforated with subwavelength holes 1s
used as one electrode for the liquid crystal solution, while
the transparent conducting layer 1s used as the other elec-
trode. The metal film may be comprised of any metal, and
certain degenerately doped semiconductors may also be
used. The transparent conducting layer preferably comprises
indium tin oxide (ITO), for example.

The LC solution layer 1s preferably encapsulated between
two very thin LC aligning layers as shown in FIG. 11 to
force the alignment of the liquid crystals so as to alter the
liquid crystal refractive index. In addition, spacers on the
order of micrometers, such as microspheres for example, are
preferably provided 1n the LC solution layer to maintain a
slight spacing between the metal film and transparent con-
ducting layer to avoid electrical shorting between the metal
film and the transparent conducting layer.

The transparent conducting layer may be patterned as
desired to provide independent control over a plurality of
discrete, mndependently controllable regions of the display,
referred to as “display cells.” To enable independent elec-
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trical control of the display cells, the transparent conducting
layer 1s provided with wiring from a control unit to each
display cell using standard photolithography and like
processes, as 1s well-known 1n the art. The LC solution layer,
the LC aligning layers and the transparent conducting layer
comprise a supporting layer which, in combination with the
metal film, collectively comprise a perforated metal film unit
as described above. The LC solution layer comprises the
selectively variable refractive index portion of the support
layer and 1s substantially adjacent to the metal film. Since
the transmission through the perforated metal film unit
strongly depends on the interface between the metal film and
the neighboring media, 1t 1s important that the selectively
variable refractive index portion of the supporting layer (in
this example, the LC solution layer) be substantially adja-
cent to the metal film. The control circuit enables
independent, selective control of the voltage across the
clectrodes (the perforated metal film and the patterned
transparent conductive layer) of each cell, which varies the
alignment of the liquid crystals to provide selective control
of the refractive mndex 1n each display cell, thereby modu-
lating the transmission of light through each cell as
described above.

FIGS. 12A and 12B further illustrate the flat panel display
of the present invention. FIG. 12A 1s a cross-sectional
diagram of one three-color (red, green and blue, or “RGB”)
pixel of a flat panel display of the present invention. White
light from a light source 100 illuminates the perforated metal
f1lm 102 which 1s part of a cell containing a liquid crystal
solution 104. Alignment layers 103 are provided to align the
liquid crystal solution 104 in a well-defined direction. A
transparent conductive layer 117 serves as the other elec-
trode in the liquid crystal cell, and is patterned (such as
shown 1n FIG. 11) such that each color of each pixel can be
controlled independently, preferably utilizing conventional
LCD drivers known as either simple or active matrix drives.
The perforated metal film 102, liquid crystal solution 104,
alignment layers 103 and transparent conductive layer 117
form a perforated metal film unit, in which the liquid crystal
solution 1s substantially adjacent to the metal film. Sub-
strates 101 and 118, onto which the perforated metal film
102 and transparent conductive electrode 117, respectively,
are deposited, are auxiliary layers which serve to hold the
cell together mechanically. Although not critical to the
invention, the viewer’s side of the supporting layer 118 (that
is, the side through which the transmitted light is emitted)
may be provided with a scattering medium (such as surface
roughening, or frosting, in the case of glass) in order to
maximize the viewing angle of the display if desired.

FIG. 12B 1s a plan view of the hole arrays in the
perforated metal film for a single three-color (RGB) display
pixel, such as that shown in FIG. 12A. For each color (R, G,
and B), the subwavelength holes 112 are fabricated in a
square array, each with a period (Pg, P, Pg) designed to
match the desired wavelength of the transmitted light in
accordance with Equation (3).

The cells of the tlat panel display of the present invention
allow electrical control of optical transmission through the
array of holes 1n the perforated metal film as discussed
above. That 1s, the intensity of light transmitted through the
perforated metal film unit 1s controlled by selectively vary-
ing the refractive index of the liquid crystal, which 1s 1n turn
controlled by varying the electric voltage to the LC elec-
trodes. The color of light transmitted through the holes is
controlled by creating the holes 1n the perforated metal film
with holes of suitable size and periodicity according to
Equation (3) above. In order to block the transmission of
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higher-order (1.e. shorter wavelength) transmission peaks, a
long-pass filter can be used with an appropriate wavelength
cutofl. At wavelengths longer than the cutoff, such filters
have a transmission of about 90%.

Thus, a particular hole periodicity may be selected to
create a display cell for each of the generally used red, green
and blue display colors, and a wide apparent spectrum of
colors may be obtained from each RGB pixel by controlling
the 1ntensity of light transmitted through the RGB display
cells which are adjacent to one another in the pixel as is
well-known 1n the art. The transmission modulation has
been experimentally observed in pixels as small as 60
umx30 um, corresponding to a much higher resolution than
that required for a high-definition display (typically about
250 um). The method used for driving the display cells can
be similar to either the simple matrix drive or the active
matrix drive used in present LCD systems. The flat panel
display of the present invention can be used with currently
available 1llumination systems for commercial LCD
displays, such as collimated line i1llumination or very thin
electroluminescent (EL) panels, for example.

The overall thickness of this kind of flat panel display may
be well below 1 inch including all the electronic control
circuit boards and packaging. In fact, the display could be
made thinner than 500 #m 1f a thin-sheet EL panel 1s used
(250 wm, currently commercially available). By using a
sheet of ITO on a plastic substrate (125 um, also commer-
cially available), a large display screen may be provided
which 1s also flexible. The hole arrays can be manufactured
for large-size displays using embossing holography technol-
ogy. See J. J. Cowan, “Aztec surface-relief volume diffrac-
tive structure,” Journal of the Optical Society of America,
Vol. 7, No. 8, pp. 1529-1544 (Aug. 1990). As a result, such
a thin display 1s suitable for large-screen high-definition
television (HDTV).

An important benefit of the flat panel display of the
present mvention 1s that the overall transmission can be
significantly higher than that of prior art flat panel display
systems. In particular, flat panel display of the present
invention exhibit at least 15% transmission for full color
resolution. As a result, less power 1s required by the flat
panel display of the present invention, which can therefore
extend the battery life 1n a portable unit incorporating such
a display (such as a laptop PC), for example. In addition,
since the flat panel display of the present invention does not
require a polarizer/analyzer system as used 1n prior art LCD
systems, the manufacturing process can be made much
simpler.

It should be noted that a liquid crystal exhibiting any
change 1n refractive index 1n the presence of varied voltage
1s encompassed by the mvention. In addition, the flat panel
display of the present invention encompasses the use of any
material or device exhibiting a selectively variable refractive
index when disposed substantially adjacent to a metal film
perforated with subwavelength-diameter holes, and 1s not
merely confined to the use of liquid crystals.

The 1nvention also encompasses a flat panel display in
which color control 1s achieved by controlling the intensity
of ultraviolet (UV) light which is made to excite a fluores-
cent dye, similar to the principle of a cathode ray tube
(CRT), as shown in FIGS. 13A and 13B. FIG. 13A is a
cross-sectional diagram of one three-color (RGB) display
pixel using a light source with a single color 1n the ultra-
violet range. UV light from the light source impinges on the
perforated metal film 102, which again forms one electrode
of a liquid crystal cell, with a transparent conductive layer
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117 again serving as the other electrode. The layers 101, 102,
103 and 104 are 1dentical to those shown 1n FIG. 12A. The

transmitted light emerging from the transparent conductive
layer 117 excites fluorescent dyes (119R, 119G, 119B)
which emit light at a predetermined wavelengths appropriate
to generate the RGB colors, similar to the operation of
conventional cathode ray tube (CRT) displays. Auxiliary
layers 118a and 118b are used to encapsulate the fluorescent
dyes thercbetween.

FIG. 13B 1s a plan view of the hole arrays in the
perforated metal film for the single, three-color display pixel
using UV illumination shown in FIG. 13A. The holes are
fabricated on a square array as 1n the display pixel shown in
FIG. 12B, but the period of all three arrays is the same (P),
and matches the incident UV wavelength according to
Equation (3).

By designing adjacent display cells in the display pixel
with red, green and blue fluorescent dyes, full RGB color
and 1ntensity control 1s provided. Moreover, by using fluo-
rescent dyes which emait light 1sotropically, a large viewing
angle may be provided. Furthermore, because only a single
color 1s required from the light source, this type of inventive
flat panel display 1s extremely efficient compared to a device
which uses a white light source, since 1n the latter case most
of the light produced by the white light source i1s not used.

Spatial Light Modulator

In addition to flat panel displays, the mvention encom-
passes related but distinct devices known as spatial light
modulators utilizing the perforated metal film units
described hereinabove. In particular, a spatial light modu-
lator may be constructed as shown in FIG. 11 and as
described above 1n relation to that figure. While the spatial
light modulator of the present invention 1s similar to the flat
panel display cells described above, the LC layers in the
spatial light modulator may be used to induce a refractive
index change, or the LC layers may be replaced by a
semiconductor layer or a polymer electro-optic film, for
example, 1n order to achieve fast electro-optic modulation.
In the case of a liquid-crystal medium, since i1t 1s not
necessary to rotate the nematic LC molecules by 90° to
control the light intensity, relatively high switching rates can
be achieved. In fact, spatial light modulation using a surface
plasmon resonance with a similar kind of nematic liquid
crystal has been shown to be 50 times faster than bulk
switching of the liquid crystal cells, with a display cell
resolution of 10-20 um and a contrast ratio better than
100:1. See E. M. Yeatman et al., “Spatial light modulation
using surface plasmon resonance,” Applied Physics Letters,
Vol. 55, No. 7, pp. 613-615 (Aug. 14, 1989). The demon-
stration set forth 1n the Yeatman et al. article was achieved
using the narrow reflected surface plasmon spectrum which
was excited by the higher index prism coupling (attenuated
total reflection).

The spatial light modulator of the present invention
provides a similar effect, but operates 1n transmission mode
by using metal films perforated with hole arrays. By appro-
priately selecting the geometry (hole diameter and hole array
periodicity) and material for the perforated metal film, sharp
fransmission peaks can be obtained, and the transmission
spectrum can therefore be made very narrow. As a result, the
required refractive index change i1s small, requiring 1n turn
a smaller angle of rotation of the liquid crystal molecules.
Thus, the spatial light modulator using perforated metal
films of the present invention offers high speed, high reso-
lution and a high contrast ratio. Moreover, the transmission
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mode may have significant advantages over the reflection
mode necessitated by the attenuated total reflection prin-
ciple. For instance, since the effects described here are
present 1n the zero-order transmitted light, modulation of the
light requires no redirection of the beam path, as 1s the case
for the retlection mode.

The actively controlled surface plasmon spatial light
modulator of the present invention will provide advantages
in many applications, including but not limited to the arecas
of 1mage processing, optical interconnect networks, high
speed laser light modulation for fiber optic communication,
and 3-D holographic displays.

Tunable Optical Filter

When white light illuminates a perforated metal/electro-
optic layer interface, the colors present in the transmitted
light change as the incident angle 1s varied, as described
above. The present invention further includes a tunable
optical filter based on this color selectability.

FIG. 14 1s a schematic diagram depicting a tunable optical
filter according to the present invention which can select one
wavelength from a two-wavelength mput by rotating the
perforated metal film structure so as to cause the light to
impinge the structure at a predetermined angle of 1ncidence.
The tunable optical filter again utilizes a perforated metal
f1lm unit as described above. The perforated metal film unit
may include liquid crystal (LC) sandwiched between a metal
film perforated with subwavelength-diameter holes and a
transparent conducting layer, which may be constructed as
described above with respect to the flat panel display and
spatial light modulator. Multiplexed mput light 1s provided
to the metal film/transparent conducting layer via a beam
splitter, which 1s itself provided with light of a first wave-
length (Wavelength 1) and light of a second wavelength
(Wavelength 2) so that both the light of the first wavelength
and the light of the second wavelength are provided as
multiplexed mput light which 1s incident colinearly on the
perforated metal film unit. To tune the wavelength(s) of
transmitted light, the perforated metal film unit is rotated (by
an adjuster, not shown) through a relatively small angle,
thereby causing the incident multiplexed input light to
impinge the perforated metal film unit at a predetermined
angle of incidence. The wavelength (and therefore the color)
of light transmitted through the perforated metal film unit
depends on the angle at which the perforated metal film unit
1s rotated, and selective optical tuning 1s therefore provided.
The adjuster may comprise any mechanism for rotating the
perforated metal film unit, and the particulars of the adjuster
itself are not critical to the invention.

Although a liquid crystal embodiment 1s described here,
the invention embraces tunable optical filters including
perforated metal film units in which the supporting layer
includes a portion comprising any material having a selec-
fively variable refractive index, as discussed above regard-
ing the optical transmission modulation apparatus using
refractive index variation.

A large rotation angle may pose a mechanical limit for fast
switching of a tunable optical filter on a macroscopic scale
(c.g. where the largest linear dimension (width) is greater
than or equal to about 1 mm). However, higher switching
speeds can be achieved by miniaturizing, for example by
using micro-electro-machining device technology as 1s well-
known 1n the art.

The tunable optical filter of the present invention may also
be designed to tune the color of the transmitted light by
applying an electric field either to the liquid crystal or to a
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piezoelectric element used to rotate the perforated metal film
unit as described above. Moreover, both tuning methods, by
angle control and index control, may be combined 1n a single
device as shown in FIG. 14. Such a tunable optical filter 1s
useful for many applications including wavelength division
multiplexing (WDM) for optical communications and image
processing.

In conclusion, the apparatus of the invention described
above which utilize a perforated metal film unit provide
advantageous use 1n electro-optic devices due to at least the
ability of such apparatus to control the intensity or wave-
length of the light transmitted through the subwavelength-
diameter hole arrays in the metal film. Since such control
can be achieved at high speed, high throughput, and high
contrast ratio, and without the need to redirect the optical
beam, the apparatus of the present invention are important
advances over the prior art.

While there has been described and illustrated herein
optical transmission control apparatus utilizing metal films
perforated with a periodic array of subwavelength-diameter
holes, 1t will be apparent to those skilled in the art that
further variations and modifications are possible without
deviating from the broad teachings and spirit of the 1nven-
tion which shall be limited solely by the scope of the claims
appended hereto.

What 1s claimed 1s:

1. An optical transmission modulation apparatus for
modulating light transmitted through the apparatus, the
apparatus comprising:

a metal film having a periodic array of subwavelength-

diameter holes provided therein; and

a supporting layer, at least a portion of the supporting
layer having a selectively variable refractive index, the
selectively variable refractive index portion being sub-
stantially adjacent to the metal film such that the metal
film and the supporting layer comprise a perforated
metal film unit, and wherein selective variation of the
refractive index of the selectively variable refractive
index portion modulates the 1ntensity of the light trans-
mitted through the perforated metal film unit without
substantially changing the direction of the light.

2. The optical transmission modulation apparatus of claim

1, wherein the selectively variable refractive index portion
of the supporting layer 1s 1n direct contact with the metal
f1lm.

3. The optical transmission modulation apparatus of claim

1, wherein the selectively variable refractive index portion
of the supporting layer 1s 1n close proximity to the metal
f1lm.

4. The optical transmission modulation apparatus of claim

1, wherein the metal film 1s separated from the selectively
variable refractive index portion of the supporting layer by
a gap having a length and including a medium, the length of
the gap being less than the depth at which surface plasmons
of the metal film surface penetrate the medium in the gap.

5. The optical transmission modulation apparatus of claim

4, wherein the medium 1n the gap 1s selected from the group
consisting of a vacuum, air, and optically transparent dielec-
tric materials.

6. The optical transmission modulation apparatus of claim

1, wherein the selectively variable refractive index portion
of the supporting layer comprises liquid crystal having an
effective refractive index, wherein the effective refractive
index of the liquid crystal i1s selectively variable by selec-
tively applying an electric voltage to the liquid crystal.

7. The optical transmission modulation apparatus of claim

6, wherein the supporting layer further comprises a trans-
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parent conducting layer, and wherein the liquid crystal 1s
provided between the transparent conducting layer and the
metal film, such that the metal film comprises one electrode
for selectively applying the voltage to the liquid crystal, and
the transparent conducting layer comprises another elec-
trode for selectively applymng the voltage to the liquid
crystal.

8. The optical transmission modulation apparatus of claim
7, wherein the supporting layer further comprises at least
two liquid crystal alignment layers, a first liquid crystal
alignment layer being provided between the transparent
conducting layer and the liquid crystal, and a second liquid
crystal alignment layer being provided between the liquid
crystal and the metal film.

9. The optical transmission modulation apparatus of claim
1, wherein the selectively variable refractive index portion
of the supporting layer comprises a material selected from
the group consisting of a semiconductor layer and a polymer
clectro-optic film.

10. The optical transmission modulation apparatus of
claim 1, further comprising an adjuster selectively adjusting
the angle of the perforated metal film unit with respect to
light 1ncident on the perforated metal film unit, whereby
adjusting the angle of the perforated metal film unit selec-
tively controls the angle of incidence of the incident light so
that, for a particular angle of incidence of the 1ncident light
with respect to the perforated metal film unit, light of only
a predetermined range of wavelengths 1s transmitted through
the perforated metal film unait.

11. The optical transmission modulation apparatus of
claim 1, wherein the periodicity and diameter of the array of
holes are selected so that, for a particular angle of incidence
of the incident light with respect to the perforated metal film
unit, light of only a predetermined color 1s transmitted
through the perforated metal film unait.

12. The optical transmission modulation apparatus of
claim 1, wherein the perforated metal film unit 1s substan-
tially rigid.

13. The optical transmission modulation apparatus of
claim 1, wherein the perforated metal film unit 1s substan-
fially flexible.

14. A tlat panel display having a plurality of display cells,
the flat panel display comprising:

a light source;

a metal film having a periodic array of subwavelength-

diameter holes provided therein; and

a supporting layer, at least a portion of the supporting
layer having a refractive index which 1s selectively
variable for each display cell, the selectively variable
refractive index portion being substantially adjacent to
the metal film such that the metal film and the support-
ing layer comprise a perforated metal film unit, and
wherein selective variation of the refractive index of
the selectively variable refractive mdex portion modu-
lates the mtensity of light emitted by the light source
which 1s transmitted through the perforated metal film
unit for each display cell.

15. The {flat panel display of claim 14, wheremn the
selectively variable refractive index portion of the support-
ing layer 1s 1n direct contact with the metal film.

16. The flat panel display of claim 14, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n close proximity to the metal film.

17. The flat panel display of claim 14, wherein the metal
film 1s separated from the selectively variable refractive
index portion of the supporting layer by a gap having a
length and including a medium, the length of the gap being
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less than the depth at which surface plasmons of the metal
f1lm surface penectrate the medium 1n the gap.

18. The flat panel display of claim 17, wherein the
medium 1n the gap 1s selected from the group consisting of
a vacuum, air, and optically transparent dielectric materials.

19. The flat panel display of claim 14, wherein the
selectively variable refractive index portion of the support-
ing layer comprises liquid crystal having an effective refrac-
tive 1mndex, wherein the effective refractive index of the
liquid crystal 1s selectively variable for each display cell by
selectively applying an electric voltage to the liquid crystal
corresponding to each display cell.

20. The flat panel display of claim 19, wherem the
supporting layer further comprises a transparent conducting
layer, and wherein the liquid crystal 1s provided between the
transparent conducting layer and the metal film, such that the
metal film comprises one electrode for selectively applying
the voltage to the liquid crystal for each display cell, and the
transparent conducting layer comprises another electrode for
selectively applying the voltage to the liquid crystal for each
display cell.

21. The flat panel display of claim 20, wherein the
supporting layer further comprises at least two liquid crystal
alignment layers, a first liquid crystal alignment layer being,
provided between the transparent conducting layer and the
liquid crystal, and a second liquid crystal alignment layer
being provided between the liquid crystal and the metal film.

22. The flat panel display of claim 14, wherem the
selectively variable refractive index portion of the support-
ing layer comprises a material selected from the group
consisting of a semiconductor layer and a polymer electro-
optic {1lm.

23. The flat panel display of claim 14, wherein the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the incident light
with respect to the perforated metal film unit, light of only
a predetermined range of wavelengths 1s transmitted through
cach display cell.

24. The flat panel display of claim 14, wherein the
periodicity and diameter of the array of holes for each
display cell are selected so that, for a particular angle of
incidence of the incident light with respect to the perforated
metal film unit, light of only a predetermined color 1is
transmitted through each display cell.

25. The flat panel display of claim 24, wheremn the
predetermined color of light transmitted through each dis-
play cell 1s one of red, green and blue.

26. The flat panel display of claim 14, wherein the light
source 1s an ultraviolet light source, and wherein the sup-
porting layer further comprises at least one fluorescent dye,
one fluorescent dye being provided for each display cell,
such that the light transmitted through the metal film excites
the fluorescent dye so as to emit light of a predetermined
color from each display cell.

27. The flat panel display of claim 26, wheremn the
periodicity and diameter of the array of holes are the same
for every display cell and are selected such that the light
transmitted i1nto the fluorescent dye of each display cell
matches the incident ultraviolet wavelength of the fluores-
cent dye of that display cell.

28. The flat panel display of claim 14, wherein the
perforated metal film unit 1s substantially rigid.

29. The flat panel display of claim 14, wheremn the
perforated metal film unit 1s substantially flexible.

30. A spatial light modulator having a plurality of cells
and modulating the intensity of incident light as the light 1s
transmitted through each cell of the modulator, the spatial
light modulator comprising;:
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a metal film having a periodic array of subwavelength-

diameter holes provided therein; and

a supporting layer, at least a portion of the supporting

layer having a refractive index which 1s selectively
variable for each cell, the selectively variable refractive
index portion being substantially adjacent to the metal
film such that the metal film and the supporting layer
comprise a perforated metal film umt, and wherein
selective variation of the refractive index of the selec-
tively variable refractive index portion of the support-
ing layer modulates the intensity of light transmaitted
through the perforated metal film unit for each cell
without substantially changing the direction of the
light.

31. The spatial light modulator of claim 30, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n direct contact with the metal film.

32. The spatial light modulator of claim 30, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n close proximity to the metal film.

33. The spatial light modulator of claim 30, wherein the
metal film 1s separated from the selectively variable refrac-
five index portion of the supporting layer by a gap having a
length and including a medium, the length of the gap being
less than the depth at which surface plasmons of the metal
film surface penetrate the medium in the gap.

34. The spatial light modulator of claim 33, wherein the
medium 1n the gap 1s selected from the group consisting of
a vacuum, air, and optically transparent dielectric materials.

35. The spatial light modulator of claim 30, wherein the
selectively variable refractive index portion of the support-
ing layer comprises liquid crystal having an effective refrac-
tive 1ndex, wherein the effective refractive index of the
liquid crystal 1s selectively variable for each cell by selec-
fively applying an electric voltage to the liquid crystal
corresponding to each cell.

36. The spatial light modulator of claim 35, wherein the
supporting layer further comprises a transparent conducting
layer, and wherein the liquid crystal 1s provided between the
transparent conducting layer and the metal film, such that the
metal film comprises one electrode for selectively applying
the voltage to the liquid crystal for each cell, and the
transparent conducting layer comprises another electrode for
selectively applying the voltage to the liquid crystal for each
cell.

J7. The spatial light modulator of claim 36, wherein the
supporting layer further comprises at least two liquid crystal
alignment layers, a first liquid crystal alignment layer being
provided between the transparent conducting layer and the
liquad crystal, and a second liquid crystal alignment layer
being provided between the liquid crystal and the metal film.

38. The spatial light modulator of claim 30, wherein the
selectively variable refractive index portion of the support-
ing layer comprises a material selected from the group
consisting of a semiconductor layer and a polymer electro-
optic film.

39. The spatial light modulator of claim 30, wherein the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the incident light
with respect to the perforated metal film unit, light of only
a predetermined range of wavelengths 1s transmitted through
cach cell.

40. The spatial light modulator of claim 30, wherein the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the incident light
with respect to the perforated metal film unit, light of only
a predetermined color 1s transmitted through each cell.
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41. The spatial light modulator of claim 30, further
comprising an adjuster selectively adjusting the angle of the
perforated metal film unit with respect to light incident on
the perforated metal film unit, whereby adjusting the angle
of the perforated metal film unit selectively controls the
angle of incidence of the incident light so that, for a
particular angle of incidence of the incident light with
respect to the perforated metal film unit, light of only a
predetermined range of wavelengths 1s transmitted through
cach cell.

42. The spatial light modulator of claim 30, wherein the
perforated metal film unit 1s substantially rigid.

43. The spatial light modulator of claim 30, wherein the
perforated metal film unit 1s substantially flexible.

44. A tunable optical filter for modulating the 1ntensity of
incident light as the light 1s transmitted through the tunable
optical filter, the tunable optical filter comprising;:

a metal film having a periodic array of subwavelength-
diameter holes provided therein; and

a supporting layer, at least a portion of the supporting
layer having a selectively variable refractive index, the
selectively variable refractive index portion being sub-
stantially adjacent to the metal film such that the metal
film and the supporting layer comprise a perforated
metal film unit, and wherein selective variation of the
refractive 1ndex of the selectively variable refractive
index portion of the supporting layer modulates the
intensity of light transmitted through the perforated
metal film unit without substantially changing the
direction of the light.

45. The tunable optical filter of claim 44, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n direct contact with the metal film.

46. The tunable optical filter of claim 44, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n close proximity to the metal film.

47. The tunable optical filter of claim 44, wherein the
metal film 1s separated from the selectively variable refrac-
tive index portion of the supporting layer by a gap having a
length and including a medium, the length of the gap being
less than the depth at which surface plasmons of the metal
film surface penetrate the medium in the gap.

48. The tunable optical filter of claim 47, wherein the
medium 1n the gap 1s selected from the group consisting of
a vacuum, air, and optically transparent dielectric materials.

49. The tunable optical filter of claim 44, wherein the
selectively variable refractive index portion of the support-
ing layer comprises liquid crystal having an effective refrac-
tive 1ndex, wherein the effective refractive index of the
liquid crystal 1s selectively variable by selectively applying
an electric voltage to the liquid crystal.

50. The tunable optical filter of claim 49, wherein the
supporting layer further comprises a transparent conducting
layer, and wherein the liquid crystal 1s provided between the
transparent conducting layer and the metal film, such that the
metal film comprises one electrode for selectively applying
the voltage to the liquid crystal, and the transparent con-
ducting layer comprises another electrode for selectively
applying the voltage to the liquid crystal.

51. The tunable optical filter of claim 50, wherein the
supporting layer further comprises at least two liquid crystal
alignment layers, a first liquid crystal alignment layer being
provided between the transparent conducting layer and the
liquid crystal, and a second liquid crystal alignment layer
being provided between the liquid crystal and the metal film.

52. The tunable optical filter of claim 44, wherein the
selectively variable refractive index portion of the support-
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ing layer comprises a material selected from the group
consisting of a semiconductor layer and a polymer electro-
optic f1lm.

53. The tunable optical filter of claim 44, wherein the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the 1ncident light
with respect to the perforated metal film unit, light of only
a predetermined range of wavelengths 1s transmitted through
the perforated metal film unait.

54. The tunable optical filter of claim 44, wherein the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the 1ncident light
with respect to the perforated metal film unit, light of only
a predetermined color 1s transmitted through the perforated
metal film unit.

55. The tunable optical filter of claim 44, further com-
prising an adjuster selectively adjusting the angle of the
perforated metal film unit with respect to light incident on
the perforated metal film unit, whereby adjusting the angle
of the perforated metal film unit selectively controls the
angle of 1mncidence of the incident light so as to permit only
light of a predetermined range of wavelengths to be trans-
mitted through the perforated metal film unait.

56. The tunable optical filter of claim 44, wherein the
perforated metal film unit 1s substantially rigid.

57. The tunable optical filter of claim 44, wherein the
perforated metal film unit 1s substantially flexible.

58. A tunable opftical filter having a plurality of cells and
modulating the intensity of incident light as the light is
transmitted through each cell of the tunable optical filter, the
tunable optical filter comprising:

a metal film having a periodic array of subwavelength-
diarneter holes provided therein; and

a supporting layer, at least a portion of the supporting
layer having a refractive index which 1s selectively
variable for each cell, the selectively variable refractive
index portion being substantially adjacent to the metal
film such that the metal film and the supporting layer
comprise a perforated metal film unit, and wherein
selective variation of the selectively variable refractive
index portion of the refractive index of the supporting
layer modulates the intensity of light transmitted
through the perforated metal film unit for each cell
without substantially changing the direction of the
light.

59. The tunable optical filter of claim 58, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n direct contact with the metal film.

60. The tunable optical filter of claim 58, wherein the
selectively variable refractive index portion of the support-
ing layer 1s 1n close proximity to the metal film.

61. The tunable optical filter of claim 38, wherein the
metal film 1s separated from the selectively variable refrac-
five 1ndex portion of the supporting layer by a gap having a
length and including a medium, the length of the gap being
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less than the depth at which surface plasmons of the metal
f1lm surface penectrate the medium 1n the gap.

62. The tunable optical filter of claim 61, wherein the
medium 1n the gap 1s selected from the group consisting of
a vacuum, air, and optically transparent dielectric materials.

63. The tunable optical filter of claim 58, wherem the
selectively variable refractive index portion of the support-
ing layer comprises liquid crystal having an effective refrac-
tive 1mndex, wherein the effective refractive index of the
liquid crystal 1s selectively variable for each cell by selec-
tively applying an electric voltage to the liquid crystal
corresponding to each cell.

64. The tunable optical filter of claim 63, wherem the
supporting layer further comprises a transparent conducting
layer, and wherein the liquid crystal 1s provided between the
transparent conducting layer and the metal film, such that the
metal film comprises one electrode for selectively applying
the voltage to the liquid crystal for each cell, and the
transparent conducting layer comprises another electrode for
selectively applying the voltage to the liquid crystal for each
cell.

65. The tunable optical filter of claim 64, wherem the
supporting layer further comprises at least two liquid crystal
alignment layers, a first liquid crystal alignment layer being,
provided between the transparent conducting layer and the
liquid crystal, and a second liquid crystal alignment layer
being provided between the liquid crystal and the metal film.

66. The tunable optical filter of claim 38, wherein the
selectively variable refractive index portion of the support-
ing layer comprises a material selected from the group
consisting of a semiconductor layer and a polymer electro-
optic film.

67. The tunable optical filter of claim 38, wherein the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the 1incident light
with respect to the perforated metal film unit, light of only
a predetermined range of wavelengths 1s transmitted through

cach cell.

68. The tunable optical filter of claim 58, wherem the
periodicity and diameter of the array of holes are selected so
that, for a particular angle of incidence of the incident light
with respect to the perforated metal film unit, light of only
a predetermined color 1s transmitted through each cell.

69. The tunable optical filter of claim 38, further com-
prising an adjuster selectively adjusting the angle of the
perforated metal film unit with respect to light incident on
the perforated metal film unit, whereby adjusting the angle
of the perforated metal film unit selectively controls the
angle of mncidence of the 1ncident light so as to permit only
light of a predetermined range of wavelengths to be trans-
mitted through each cell.

70. The tunable optical filter of claim 58, wherein the
perforated metal film unit 1s substantially rigid.

71. The tunable optical filter of claim 58, wherein the
perforated metal film unit 1s substantially flexible.
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